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In Brief
Tan et al. have found an iterative role for
Notch signaling during motor neuron
differentiation. Notch controls the timing
of motor neuron genesis by suppressing
Ngn2. Notch is subsequently required in
an Ngn2-independent manner for the
specification of median motor column
identity over hypaxial and lateral motor
neuron subtype identities.
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The motor neuron progenitor domain in the ventral
spinal cord gives rise to multiple subtypes of motor
neurons and glial cells. Here, we examine whether
progenitors found in this domain are multipotent
and which signals contribute to their cell-type-spe-
cific differentiation. Using an in vitro neural differenti-
ation model, we demonstrate that motor neuron pro-
genitor differentiation is iteratively controlled by
Notch signaling. First, Notch controls the timing of
motor neuron genesis by repressing Neurogenin 2
(Ngn2) and maintaining Olig2-positive progenitors
in a proliferative state. Second, in an Ngn2-indepen-
dent manner, Notch contributes to the specification
of median versus hypaxial motor column identity
and lateral versus medial divisional identity of limb-
innervating motor neurons. Thus, motor neuron pro-
genitors are multipotent, and their diversification is
controlled by Notch signaling that iteratively in-
creases cellular diversity arising from a single neural
progenitor domain.
INTRODUCTION
Establishment of neuronal diversity relies on two principal mech-
anisms: spatial patterning of neuroepithelium into discrete pro-
genitor domains (Briscoe and Ericson, 2001; Dessaud et al.,
2008; Sussel et al., 1999) and intradomain diversification of
differentiating progenitors into multiple neuronal and glial sub-
types. During early stages of neural tube patterning, diffusible
signals establish 11 principal dorso-ventral progenitor domains
in the developing spinal cord (Garcia-Campmany et al., 2010).
Neural progenitors within the motor neuron progenitor (pMN)
domain, marked by expression of Olig2, first generate multiple
subtypes of spinal motor neurons, followed by the production
of oligodendrocytes and astrocytes (Masahira et al., 2006; Nov-
itch et al., 2001; Zhou and Anderson, 2002; Zhou et al., 2001).
While specification of the pMNdomain by spatially and tempo-
rally graded sonic hedgehog and retinoid signals has been
extensively studied (Briscoe et al., 2000; Chen et al., 2011; Eric-This is an open access article under the CC BY-Nson et al., 1997; Novitch et al., 2003), mechanisms contributing
to the diversification of pMN progenitors into different neuronal
and glial subtypes are less understood. Heterochronic trans-
plantation studies established that late Olig2+ progenitors have
a limited developmental potential and are unable to generate
motor neurons, even when grafted into earlier neurogenic neural
tube (Mukouyama et al., 2006). Whether early specified Olig2+
progenitors consist of a mixture of lineage committed pro-
genitors or whether each cell is multipotent remains to be
determined.
The Notch signaling pathway contributes to neural diversifica-
tion in invertebrates and vertebrates through two principal mech-
anisms (Mohr, 1919; Udolph, 2012): by indirect specification of
cell fate through the regulation of the timing of neurogenesis
and by direct Notch-mediated regulation of cell-fate determi-
nants in asymmetrically dividing cells. In laminar regions of the
vertebrate central nervous system (CNS), inhibition of Notch
signaling typically results in premature neurogenesis and
increased production of early-born neuronal subtypes at the
expense of later born cells (Livesey and Cepko, 2001; Nelson
et al., 2007). A more direct role of Notch signaling has been
demonstrated for several cell types in the CNS, including in the
developing retina, where activation of Notch in postmitotic
retinal cells induces Muller glia identity and represses rod photo-
receptor cell fate (Mizeracka et al., 2013), and in the developing
ventral spinal cord, where Notch has been shown to specify V2b
over V2a interneuron identity (Marklund et al., 2010; Peng et al.,
2007; Ramos et al., 2010; Rocha et al., 2009).
It has been proposed that within the motor neuron progenitor
domain, Notch controls motor neuron subtype identity primarily
indirectly by controlling the timing of neurogenesis and gliogen-
esis (Crawford and Roelink, 2007). Gde2-null mice exhibit
increased Notch signaling in late pMN progenitors, accompa-
nied by a decrease in neurogenic divisions and a reduction in
the number of presumably late-born hypaxial motor column
(HMC) or lateral motor column (LMC) motor neurons (Sabharwal
et al., 2011). Machado et al. (2014) observed that a reduction in
Notch signaling promotes specification of phrenic motor neu-
rons, a subpopulation of HMCs, but the precise mechanisms
of Notch involvement have not been examined. The Notch ligand
Jag2 has been shown to prevent both motor neuron and oligo-
dendroglial differentiation by locking developing chick spinal
cord cells in a progenitor identity (Rabada´n et al., 2012).Cell Reports 16, 907–916, July 26, 2016 ª 2016 The Author(s). 907
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Consistent with these observations, pharmacological inhibition
of Notch signaling promotes differentiation of human pMNs
into motor neurons (Ben-Shushan et al., 2015; Maury et al.,
2015). However, the effect of this treatment on subtype identity
of the resultant neurons has not been examined.
An interpretation of the effects of Notch manipulation in vivo is
complicated by the complexity of neural tissue andpoor temporal
resolution of motor neuron subtype differentiation. To assess the
role of Notch signaling in motor neuron subtype specification, we
took advantage of a controlled pharmacologically and genetically
accessibleembryonicstemcell (ESC)differentiationmodel (Wich-
terle et al., 2002). In-vitro-derivedmotor neuronsacquire segmen-
tally appropriate columnar, divisional, andpool subtype identities;
migrate to proper locations within the spinal cord; and project
axons toward appropriate muscle targets after transplantation
into the developing neural tube (Peljto et al., 2010). Taking advan-
tage of this bona fide model of motor neuron development, we
demonstrate thatmultipotentmotor neuronprogenitors iteratively
utilize the Notch signaling pathway to control the timing of motor
neuron genesis and motor neuron subtype identity.
RESULTS
Temporal Sequence of Motor Neuron Genesis and
Gliogenesis during ESC Differentiation
ESCs differentiated into cervical spinal motor neuron identity
in the presence of retinoic acid (RA) and Smoothened agonist
(SAG) acquire appropriate median motor column (MMC)
and HMC identity (Figure 1A) (Peljto et al., 2010; Wichterle
et al., 2002). At day 4 of mouse ESC differentiation, the majority
of cells are patterned into Olig2+ motor neuron progenitors
lacking the expression of oligodendroglial progenitor marker
Nkx2.2 (Figure 1B) (Zhou et al., 2001). By day 6, a majority of
Olig2+ cells differentiated into Hb9+ postmitotic motor neurons.
Many of the remaining Olig2+ cells co-express Nkx2.2, indi-
cating a switch to the oligodendrocyte precursor (OPC) identity
(Figure 1B).
Motor neurons become postmitotic over a relatively short
period spanning from day 4 to 5 of differentiation. To determine
whether early-born motor neurons acquire different subtype
identity compared to late-bornmotor neurons,wecombinedbro-
modeoxyuridine (BrdU) birthdating with immunostaining for Hb9
(expressed by both MMC and HMC motor neurons) and Lhx3 to
distinguish between MMC (Lhx3+) and HMC (Lhx3) motor neu-
rons. We demonstrate that 66% of motor neurons born prior to
day day 4 (marked by the addition of BRDU at day 4 AM) are
Lhx3 HMC motor neurons (Figures 1C and 1D). This contrasts
with the presence of 75% of Lhx3+ MMC motor neurons at
the endof differentiation, indicating that early pMNspreferentially
give rise to HMCmotor neurons and later differentiating progen-
itors give rise primarily to MMC motor neurons (Figure 1E).
Notch Signaling Controls the Timing of Motor Neuron
Differentiation
To test whether regulation of Notch signaling controls timing of
motor neuron differentiation, we generated an inducible ESC
line carrying a V5-tagged Notch intracellular domain (NICD) un-
der the control of a doxycycline-inducible promoter. NICD, a908 Cell Reports 16, 907–916, July 26, 2016product of g-secretase cleavage of the Notch receptor, trans-
duces the Notch signal to the nucleus, where it interacts with
RBP-J and Mastermind1 (Maml1) co-activators to regulate
Notch target genes (Hori et al., 2013). Treatment of embryoid
bodies with doxycycline on day 3 of differentiation resulted in
robust expression of NICD-V5 and activation of Notch signaling
in day 4 embryoid bodies (Figures S1A and S1C). Notch activa-
tion interfered with motor neuron differentiation as Hb9+ cells
decreased from 35% to less than 3% (the remaining few Hb9
cells escaped NICD induction), and the percentage of Olig2+
cells increased from 17% to over 86% of all cells (Figures 2A
and 2B). Thus, cell-autonomousNotch activation preventsmotor
neuron differentiation and increases the number of Olig2+
progenitors.
To determine whether Notch inactivation is sufficient to initiate
motor neuron genesis, we generated an inducible ESC line ex-
pressing a dominant-negative form of the Notch co-factor
Maml1 fused to eGFP (DnMaml1-eGFP) under the control of a
doxycycline-inducible promoter (Maillard et al., 2004; Wu et al.,
2000) (Figure S2B). Induction of DnMaml1-eGFP led to efficient
inactivation of Notch signaling in pMNs (Figure S2C) and to a sig-
nificant increase in Hb9+ motor neurons from 36% to 60% of all
cells (Figures 2A and 2C), with a corresponding reduction in
Olig2+ cells from 17% to less than 3% of cells on day 6 of
differentiation (Figures 2A and 2C). Pharmacological inhibition
of g-secretase by DAPT treatment on day 4 had an even stronger
neurogenic effect, depleting pMNs to less than 1% and in-
creasing motor neurons to 68% as revealed by flow cytometric
quantification of HB9-GFP+ cells (Figures 2A and 2D). Birthdat-
ing analysis revealed that DAPT treatment also accelerated mo-
tor neuron generation, increasing the number of motor neurons
that became postmitotic on day 4 from 41% to 78% (Figures
S2A and S2B). Together, these findings indicate that early
pMNs are multipotent progenitors, whose fate is controlled by
Notch signaling. Inhibition of Notch results in uniform and accel-
erated differentiation of progenitors into postmitotic neurons,
while activation of Notch results in the maintenance of Olig2 pro-
genitor identity.
Notch Inactivation Respecifies MMC Neurons into
Segmentally Appropriate Columnar Subtypes
Treatment of pMNs early on day 4 with DAPT revealed a dra-
matic shift in motor neuron columnar identity from predomi-
nantly Lhx3+ MMC motor neurons to predominantly Lhx3,
Foxp1 HMC motor neurons (Figures 3B and 3C). DAPT treat-
ment does not simply repress expression of Lhx3; this was
confirmed as we detected robust Lhx3 expression in DAPT-
treated motor neurons on day 5 of differentiation (Figure S3A).
This is consistent with transient expression of Lhx3 in all
nascent motor neurons before its selective downregulation in
HMC and LMC cells. Caspase-3 staining was not elevated in
day 5 DAPT-treated motor neurons, thereby ruling out the pos-
sibility that the shift in motor neuron identity is due to selective
death of MMC motor neurons (Figures S3A and S3B). Impor-
tantly, DnMaml1-eGFP induction phenocopied the decrease
in Lhx3 expression from 49% to just 2% of Hb9+ cells (Figures
3D and 3E), indicating that Notch activity is required for
maintained expression of Lhx3 and its inactivation leads to a
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Figure 1. Temporal Progression of pMN Differentiation
(A) In cervical spinal cord, early pMNs differentiate into MMC and HMC motor neurons that migrate to their appropriate positions in the ventral horn and project
their axons axially or hypaxially, respectively. After motor neurons are generated, Olig2+ progenitors in the pMN domain acquire expression of Nkx2.2 and
differentiate into oligodendrocytes precursors that migrate throughout the spinal cord.
(B) ESC to motor neuron differentiation recapitulates the neuronal to glial cell fate switch. In early day 4 cultures, Olig2+ progenitors do not express Nkx2.2 and
many differentiate into Hb9+ motor neurons on days 5–6 of differentiation. Many Olig2+ cells present on day 6 of differentiation acquire expression of Nkx2.2.
Scale bar represents 100 mm.
(C) A BrdU birthdating study reveals that early pMNs preferentially differentiate into HMC motor neurons, while later pMNs preferentially differentiate into MMC
motor neurons (cells were examined on day 6, and BrdU was applied between days 4 and 5 as indicated). Scale bar represents 50 mm.
(D) Quantification of Lhx3+ (MMC) and Lhx3 (HMC) motor neurons born prior to the application of BrdU (BrdU). Data are reported as the mean ± SEM (n = 3
independent differentiations).
(E) Schematic summarizing chronological order of subtypes generated during motor neuron differentiation.near-complete conversion of motor neuron columnar subtype
identity from MMC to HMC.
While the MMC spans the entire rostro-caudal axis of the spi-
nal cord, the HMC motor column is limited to the neck and trunk
spinal regions. At the limb level, HMC neurons are largely re-
placed by the Foxp1-expressing lateral motor column (LMC)
motor neurons that project their axons to the limbs (Figure 4A).
To examine the effects of Notch inhibition on motor neuron
columnar identity at the limb (brachial) and the thoracic spinal
level, we took advantage of observations that misexpression of
Hoxc8 and Hoxc9 transcription factors is sufficient to induceectopic brachial and thoracic motor neurons, respectively (Da-
sen et al., 2003, 2008; Jung et al., 2010).
We generated an inducible Hoxc8 ESC line and demonstrated
that doxycycline treatment of embryoid bodies (EBs) on day 3 of
differentiation resulted in a specification of a significant number
of limb-innervating Foxp1+ LMC motor neurons (52%), with a
smaller number of Lhx3+ MMC neurons (34%) and a minority
of HMC neurons (14%) (Figures 4B, 4C, and 4E). Similar to
the treatment of cells in cervical cultures, DAPT treatment on
day 4 led to a decrease in Lhx3-expressing MMCmotor neurons
from 34% to just 3% of Isl1/2+ motor neurons (Figures 4B’Cell Reports 16, 907–916, July 26, 2016 909
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Figure 2. Notch Signaling Controls the Timing of Motor Neuron Differentiation
(A) NICD induction strongly inhibits motor neuron differentiation and maintains Olig2+ pMNs. Conversely, inhibition of Notch signaling by overexpression of
DnMaml1-eGFP or treatment with DAPT induces motor neuron differentiation. Scale bar represents 100 mm.
(B) Quantification of Hb9 (p < 0.001) and Olig2-expressing (p < 0.001) cells as a percentage of total cells in day 6 control and NICD-induced EBs. Data are
reported as the mean ± SEM (n = 3).
(C) Quantification of Olig2+ (p < 0.001) and Hb9-GFP+ (p < 0.001) cells in control versus DAPT-treated cultures. Data are reported as the mean ± SEM (n = 3).
(D) Quantification of Olig2+ (p = 0.006) and Hb9+ (p < 0.001) cells in day 6 control versus DnMaml1-eGFP EBs. Data are reported as the mean ± SEM (n = 3).
See also Figure S1.and 4E). In contrast to cervical cultures, the number of HMC
motor neurons was increased only minimally (Figure 4E), while
Foxp1-expressing LMC motor neurons increased from 52% to
80% (Figures 4C’ and 4E). LMC neurons in DAPT-treated cul-
tures exhibited very strong Isl1 immunoreactivity, indicating
that they primarily differentiated into medial LMC (LMCm) neu-
rons innervating ventral limb muscles (Sockanathan and Jessell,
1998; Tsuchida et al., 1994). Accordingly, expression of LMCl
markers Lhx1 and Hb9 (Kania et al., 2000) was nearly completely
extinguished in DAPT-treated LMC motor neurons (Figures 4D
and S4), indicating that inhibition of Notch signaling promotes
specification of the early-born LMCm neurons at the expense
of later-generated LMCl neurons (Sockanathan and Jessell,
1998).
Next, we explored the role of Notch signaling in thoracic spinal
cord by analyzing motor column composition in inducible Hoxc9
motor neurons (Jung et al., 2010; Mazzoni et al., 2011) in the
presence and absence of DAPT. Besides MMC and HMC motor
neurons, thoracic spinal cord contains preganglionic sympa-910 Cell Reports 16, 907–916, July 26, 2016thetic (PGC) motor neurons expressing low levels of Foxp1 in
the absence of Hb9 (Thaler et al., 2004) (Figure 4F). We found
that 51% of motor neurons in Hoxc9-induced cultures were
Lhx3+, 4% were Foxp1+, and 45% were Lhx3/Foxp1 (Figures
4G, 4H, and 4J). The lack of Hb9 immunoreactivity indicated
that Isl+/Foxp1+ motor neurons were likely PGC motor neurons
(Figure 4H). DAPT treatment led to a downregulation of Lhx3
from 51% to 16.5% of motor neurons (Figures 4G and 4J),
accompanied by an increase in HMC motor neurons from 45%
to 70% (Figure 4J), with a small but significant increase in
PGC motor neurons from 4% to 13% (Figures 4I and 4J). The
combined data indicate that Notch signaling is required for the
maintenance of Lhx3 expression and MMC identity at all spinal
levels. However, the subtype identity of neurons generated in
the absence of Notch signaling depends on the rostro-caudal
spinal position and Hox gene expression; in the upper cervical
and the thoracic level, MMC neurons are primarily respecified
into HMC neurons, while at the brachial level they primarily ac-
quire LMCm identity (Figure 4K).
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Figure 3. Notch Inactivation Increases the Generation of HMC Motor Neurons at the Expense of MMC Motor Neurons
(A) The use of RA in ESC to motor neuron differentiation results in cervical cultures in which motor neurons are organized into Lhx3+ MMC and Lhx3 HMC
columns.
(B) Control conditions yield motor neurons that are primarily Lhx3+ MMC motor neurons. DAPT treatment of motor neuron progenitors led to downregulation in
Lhx3 expression. Consistent with a conversion from MMC to HMC identity, Foxp1 was not expressed in both control and DAPT-treated conditions, and DAPT
treatment led to increased Isl1 immunoreactivity. Scale bar represents 100 mm.
(C) Quantification of Lhx3 expression in day 6 control and DAPT-treated motor neurons (p < 0.001). Data are reported as the mean ± SEM (n = 3).
(D) Quantification of Lhx3 expression in dissociated day 9 motor neurons after DnMaml1-eGFP overexpression. Data are reported as the mean ± SEM (n = 3).
(E) DnMaml1-eGFP induction also increases the percentage of HMC motor neurons at the expense of MMC motor neurons in dissociated day 9 cultures. Scale
bar represents 100 mm.
See also Figure S2.Notch Controls the Timing of Neurogenesis and Motor
Neuron Subtype Identity by Independent Mechanisms
Treatment of nascent motor neurons with DAPT on day 5 of dif-
ferentiation failed to downregulate Lhx3 expression (Figures S3C
and S3D), indicating that young postmitotic motor neurons are
already committed to their columnar fate and are insensitive toNotch inactivation. To determine whether Notch inhibition indi-
rectly controls motor neuron subtype identity through accelera-
tion of motor neuron genesis, we examined the effects of Notch
inhibition during the late stages of motor neuron production,
when MMC neurons are primarily generated. Surprisingly, the
combination of late DAPT treatment with BrdU birthdating onCell Reports 16, 907–916, July 26, 2016 911
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day 4 still revealed a significant decrease in Lhx3 expression
from 62% to 21% in late-born BrdU+ motor neurons (Figures
5A–5C). This finding indicates that Notch inhibition promotes
HMC identity regardless of the timing of motor neuron
production.
Our finding that Notch effects on the timing of motor neuron
genesis can be dissociated from its effects onmotor neuron sub-
type specification prompted us to investigate whether the two
developmental processes are controlled by divergent pathways.
We observed a 3.3-fold increase in expression of a proneural
gene, Neurogenin 2 (Ngn2), in pMNs 12 hr after DAPT treatment
(Figures S4A–S4C), indicating that upregulation of Ngn2 might
mediate the effects of Notch inhibition in pMNs (Figure 5D). To
test this hypothesis, we generated an inducible ESC line carrying
V5-tagged Ngn2. Induction of Ngn2 in day 4 progenitors (Fig-
ure S4D) revealed that, similar to Notch inhibition, Ngn2 overex-
pression increased the motor neuron yield from 49% to 65%
(Figures 5E and 5G) and concomitantly decreased Olig2 from
15.8% to 5.5% (Figures 5E and 5G), indicating the Ngn2 is suffi-
cient to drive neurogenic differentiation of pMNs. In contrast,
quantification of Lhx3 expression in Ngn2-induced motor neu-
rons revealed that Ngn2 overexpression had no significant effect
on the columnar identity of generated motor neurons (Figures 5F
and 5H). These data support the conclusion that timing of neuro-
genesis and control of motor neuron subtype identity are func-
tionally independent processes regulated bymolecularly distinct
Notch targets.
DISCUSSION
Several recent studies have started to address the function of
Notch signaling inmotor neuron subtype specification (Machado
et al., 2014; Sabharwal et al., 2011). However, it remained un-
clear whether Notch acts primarily indirectly by controlling the
timing of motor neuron genesis. Our results support a model in
which Notch directly controls motor neuron subtype identity.
First, we demonstrate that HMC generation peaks prior to
MMCproduction in the ESC-to-motor neuron differentiation sys-
tem. Second, we demonstrate that inhibition of Notch signalingFigure 4. Notch Is Required for MMC Identity along the Rostral-Cauda
(A) In contrast to the organization of cervical spinal cord, motor neurons are org
(LMC) in brachial spinal cord.
(B–D) Induction of Hoxc8 leads to the adoption of brachial identity by differentiatin
cervical conditions, DAPT treatment in Hoxc8-induced cultures results in downr
increases the number Foxp1+ LMC motor neurons (C and C’). DAPT treatment al
lateral division of the LMC column (LMCl) (see also Figure S4) (D and D’). Scale b
(E) Quantitative comparison ofMMC (p < 0.001), HMC (p = 0.45), and LMC (p = 0.0
are reported as the mean ± SEM (n = 3).
(F) Motor neurons at the thoracic level are organized into the Lhx3+/Foxp1 MM
columns.
(G–I) Similar to the results of cells produced in cervical conditions, Hoxc9-indu
Induction of Hoxc9 leads to the adoption of thoracic identity manifested by the
DAPT treatment results in decrease in Lhx3 expression (G’). DAPT treatment in
Foxp1low PGC motor neurons (H–I’). Scale bar represents 100 mm.
(J) Quantitative comparison of MMC (p = 0.004), HMC (p = 0.008), and PGC (p =
Data are reported as the mean ± SEM (n = 3).
(K) Schematic depicting rostral-caudal appropriate changes in motor neuron su
conditions, Notch inactivation primarily converts MMCmotor neurons in HMCmo
to the conversion of MMC motor neurons in LMC motor neurons.leads to accelerated neurogenic differentiation of pMNs. Third,
we find that Notch inhibition at the late (preferentially MMC-pro-
ducing) phase of cervical motor neuron genesis leads to the
overproduction of HMC motor neurons. These findings are
incompatible with amodel in which Notch controls neuronal sub-
type identity through the timing of motor neuron generation and
supports the conclusion that activation of Notch signaling during
or immediately after the final division of pMNs instructs differen-
tiating motor neurons to acquire MMC identity. Furthermore, our
observation that Notch manipulation results in a global respeci-
fication of pMN fate indicates that early Olig2-expressing pro-
genitors are functionally multipotent.
We propose that the observed temporal changes in motor
neuron subtype differentiation reflect changes in the signaling
environment rather than intrinsic changes in pMN competence.
Increased production of MMC neurons late in differentiation
might reflect feedback signaling from Notch ligand Jag2-ex-
pressing postmitotic motor neurons (Marklund et al., 2010; Val-
secchi et al., 1997). Besides Notch, other signals contribute to
motor neuron subtype specification. Agalliu et al. (2009) have
demonstrated that overexpression of non-canonical Wnt4/5 in-
duces MMC identity at the expense of HMC and LMC identity,
raising the possibility that Wnt and Notch signals cooperate to
specify MMC identity (Hayward et al., 2005; Hu et al., 2010;
Koyanagi et al., 2005, 2007).
Spinal motor neurons acquire finer subtype identity at the limb
level, manifested as lateral and medial LMC divisions. Inhibition
of Notch signaling in cells programmed to acquire limb level mo-
tor neuron identity by overexpression of Hoxc8 resulted in a
striking downregulation of a lateral LMC marker Lhx1, indicating
that Notch signaling is also required for specification of divisional
motor neuron identity. Interestingly, Machado et al. (2014)
recently demonstrated that activation of Notch signaling strat-
ifies HMC motor neurons in cervical spinal cord to induce the
specification of phrenic motor neurons innervating the dia-
phragm (Machado et al., 2014). Jointly, these results support a
hierarchical model, in which final motor neuron subtype identity
is achieved by a series of cell-fate decisions regulated by local
Notch signaling in conjunction with other inductive signals,l Axis of Spinal Cord
anized into the Lhx3+/Foxp1 MMC and Lhx3/Foxp1+ lateral motor columns
g motor neurons, including robust expression of LMCmarker Foxp1. Similar to
egulation in Lhx3 expression (B and B’). DAPT treatment in Hoxc8 conditions
so leads to a robust downregulation in the expression of Lhx1, a marker of the
ar represents 100 mm.
02) motor neurons in control and DAPT-treated Hoxc8-induced day 6 EBs. Data
C and Lhx3/Foxp1 HMC and Lhx3/Foxp1low preganglionic (PGC) motor
ced cultures primarily produce motor neurons with Lhx3+ MMC identity (G).
presence of PGC motor neurons expressing low levels of Foxp1 (G, I, and I’).
creases the number of Lhx3/Foxp1 HMC motor neurons, as well as Hb9/
0.004) motor neurons in control and DAPT-treated Hoxc9-induced day 6 EBs.
btype identity after Notch inactivation. In cervical (RA) and thoracic (Hoxc9)
tor neurons. In contrast, Notch inactivation in brachial (Hoxc8) conditions leads
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Figure 5. Notch Signaling Instructively Specifies MMC Identity
(A) Schematic highlighting approach to determine whether Notch controls columnar identity in a permissive or instructive manner. If Notch is permissive, then
inhibition of Notch signaling at the late stages of differentiation should not significantly affect columnar identity of late-born motor neurons. If Notch is instructive,
then late Notch inactivation will still lead to increased HMC genesis. Differentiating cells were treated with BrdU and DAPT on the evening of day 4. Columnar
identity of late-born (BrdU+) motor neurons was determined by Lhx3 and Hb9 immunostaining.
(B) Late DAPT treatment leads to a robust reduction in MMC (white) motor neurons with a corresponding increase in HMC (purple) motor neurons. Scale bar
represents 50 mm.
(C) Quantification of MMC and HMC motor neurons in control and late DAPT-treated day 6 EBs (p < 0.001). Data reported as mean ± SEM (n = 3).
(D) Schematic depicting alternative Ngn2-dependent and Ngn2-independent pathways through which Notch potentially regulates motor neurons subtype
identity.
(E) Similar to Notch inactivation by DAPT treatment or DnMaml1-eGFP overexpression, Ngn2 overexpression leads to increased motor neuron differentiation at
the expense of Olig2+ progenitors.
(legend continued on next page)
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such as retinoids for LMCl (Sockanathan et al., 2003) and non-
canonical Wnts for MMC specification. We propose that the
Notch signaling pathway, conserved in all metazoans, has
been repeatedly co-opted during the evolution of the motor sys-
tem to increase neuronal diversity in step with the development
of more complex body plans.
EXPERIMENTAL PROCEDURES
Mouse ESC Culture and MN Differentiation
ESCs were cultured and differentiated into motor neurons as previously
described (Wichterle and Peljto, 2008).
Induction of Transgenes and DAPT Treatment
Inducible ESC lines were generated as previously described (Mazzoni et al.,
2011). New ESC lines generated for this study include inducible DnMaml1-
eGFP, NICD-V5, and Ngn2-V5. To induce expression of transgenes in day 4
pMNs, doxycycline was added 1 day prior on day 3 at a concentration of
2 mg/ml.
To inhibit Notch signaling in pMNs during MN differentiation, DAPT was
added to the cultures at a final concentration of 5 mg/ml (Calbiochem). To
prevent precipitation, DAPT was pre-diluted in DMSO to a concentration of
5 mg/ml.
Immunostaining
EBs were fixed, sectioned, and processed for immunostaining as previously
described (Novitch et al., 2001). Commercial antibodies used in this study
include: rabbit anti-Olig2 (Millipore, AB9610), mouse anti-V5 (Life Technolo-
gies, 46-0705), rat anti-Brdu (Accurate Chemical, OBT0030), mouse Hb9
(DSHB, 81.5C10), and mouse anti Isl1/2 (DSHB, 39.4D5). Rabbit anti-Lhx1,
rabbit anti-Lhx3, guinea pig Foxp1, guinea pig Olig2, and mouse Nkx2.2
were generously provided by Dr. Tom Jessell and Susan Morton (Arber
et al., 1999; Briscoe et al., 2000; Dasen et al., 2008; Kania et al., 2000; Novitch
et al., 2001). Mouse anti-Ngn2 was generously provided by Dr. David Ander-
son (Zhou et al., 2001). All images were acquired using a confocal laser micro-
scope (LSM Zeiss Meta 510).
Quantitative Real-Time PCR
RNA was initially extracted from pMNs using Trizol LS RNA extraction (Life
Technologies) and further purified using RNeasy (QIAGEN) Spin Column Mini
Kits. cDNA was prepared by Superscript III RT per the manufacturer’s instruc-
tions (Life Technologies). Samples were analyzed using SYBR green qRTPCR
mix in MX3000P QPCR System (Stratagene).
Statistical Analysis
Quantifications were reported as the average ± SEM. Statistical significance
was calculated using two-tailed Student’s t test with unequal variance. Rele-
vant p values were as follows: *p = 0.01–0.05, **p = 0.001–0.01, ***p < 0.001.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and can be found with this
article online at http://dx.doi.org/10.1016/j.celrep.2016.06.067.
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